Immunological function in chicks is greatly affected by estrogen treatment during embryogenesis, but the mechanism of the estrogen effect is not fully understood. To elucidate the effect of estrogen on immune function, we observed estrogen receptor expression in the thymus and bursa of chick embryos by immunohistochemistry. We compared the distribution of estrogen receptorpositive cells with that of keratin-positive epithelial cells. Intense expression of estrogen receptors was detected in thymic and bursal lymphocytes. In peripheral lymphocytes, ER mRNA was detected by RT-PCR analysis. The results of fluorescence-activated cell sorting analysis indicated that the estrogen receptor was expressed in the cytoplasm of the lymphocytes. Furthermore, intense expression of the estrogen receptor was also confirmed in thymic Hassall's corpuscles, bursal follicle-associated epithelial cells, and the bursal interfollicular epithelium. Our results indicate that estrogen affects the differentiation of thymic and bursal lymphocytes, suggesting that the underlying role for estrogen in immune function.
Immunological function in chicks is greatly affected by estrogen treatment during embryogenesis, but the mechanism of the estrogen effect is not fully understood. To elucidate the effect of estrogen on immune function, we observed estrogen receptor expression in the thymus and bursa of chick embryos by immunohistochemistry. We compared the distribution of estrogen receptorpositive cells with that of keratin-positive epithelial cells. Intense expression of estrogen receptors was detected in thymic and bursal lymphocytes. In peripheral lymphocytes, ER mRNA was detected by RT-PCR analysis. The results of fluorescence-activated cell sorting analysis indicated that the estrogen receptor was expressed in the cytoplasm of the lymphocytes. Furthermore, intense expression of the estrogen receptor was also confirmed in thymic Hassall's corpuscles, bursal follicle-associated epithelial cells, and the bursal interfollicular epithelium. Our results indicate that estrogen affects the differentiation of thymic and bursal lymphocytes, suggesting that the underlying role for estrogen in immune function.
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Hassall's corpuscle; lymphocyte Sex steroid hormones have been reported to exert various effects on immune functions. Immunological functions are affected by sex steroid hormones during the embryonic stage. In chickens, androgen administrated to chicks during the embryonic stage induced the disappearance or marked involution of the bursa and suppression of antibody production in hatched chicks. 1) Estrogen treatment on the 3rd day of embryogenesis impaired antibody formation after hatching.
2) Estrogen treatment administrated on the 4th day of embryogenesis affected thymic weight, the CD4-positive T-cell ratio in the thymus, and antibody production after hatching. 3) These reports suggest that sex steroid hormones affect immune function by acting on the central lymphoid organs during chick embryogenesis.
Estrogen, a sex steroid hormone, acts as a differentiation factor and growth factor via the estrogen receptor (ER). Two highly homologous proteins have been reported to be ERs: ER and ER. 4, 5) In the chick thymus and bursa of Fabricius (BF), only ERmRNA has been reported to be expressed by reverse transcriptase-polymerase chain reaction (RT-PCR) analysis. 6, 7) Recently, in chick embryos and newly hatched chicks, ER was detected only in Hassall's corpuscles, which are localized in the thymic medulla. 7) In the BF, ER was detected in the lymphoid follicle, stromal, and epithelial areas, 8) but the details of the distribution of chick ER in the thymus and BF is not clear, and cellular identification of ER-positive cells in the thymus has not yet been reported.
The central lymphoid organs are composed of various types of cells, including lymphocytes and epithelial cells. During thymic T-cell differentiation, reticular epithelial cells in the lobules play a central role as antigen presenting cells in repertoire selection. 9) In addition, the reticular epithelial cells in Hassall's corpuscles are known to be involved in T-cell differentiation. 10, 11) In the BF, a possible role of epithelial cells in lymphocyte differentiation has been reported. 12) Follicle associated epithelial cells (FAE), which make up an epithelial cell layer in the apical portion of lymphoid follicles in the BF, play a role in transporting the antigen into BF and removing substances from it. 13, 14) Lymphocyte ER expression has been detected in various animals, including humans and mice. [15] [16] [17] In contrast, in chicken, ER expression has not yet been detected in the lymphocytes, and hence the mechanism of estrogen action on lymphocytes is poorly understood. Recently, expression of functional ER on the membrane was detected in various immune cells in mammals. [18] [19] [20] The membrane ER has been reported to have functions different from those of nuclear ER, which is traditionally known as the receptor of estrogen.
The purpose of this study was to clarify the distribution of ER in the thymus and BF of chick embryos to provide the basic information necessary to understand the biological effect of estrogen on lymphocyte genesis in chick embryos. Furthermore, we studied the details of the localization of ER in the thymic and bursal lymphocytes of chick embryos.
Materials and Methods
Animals. Fertilized White Leghorn Shaver eggs were purchased from a local chicken farm (Akebono Farm, Fukuyama, Japan). The fertilized eggs were incubated at 38 C under humidified conditions. The thymus and BF of the chick embryos were collected on the 19th day of embryogenesis and were used in immunohistochemical and fluorescence-activated cell sorting (FACS) analyses. The thymus, BF, and spleen were collected 2 d after hatching for RT-PCR samples. All animal experiments were performed in accordance with the Guidelines for Animal Experiments of Okayama University.
Tissue preparation and immunohistochemical analysis using anti-ER and anti-keratin antibodies. The thymus and BF were embedded in optimal cutting temperature (OCT) compound (Sakura Finetek Japan, Tokyo), and the embedded tissues were frozen with liquid nitrogen. These samples were stored at À80 C until use. Five-mm cryosections prepared using a cryostat were air-dried for 1 h at room temperature and fixed with acetone for 15 min at 4 C. They were treated with antihuman ER mouse monoclonal antibodies (ER Ab-10) (Thermo Fisher Scientific, Waltham, MA), which has been reported to show cross reactivity with chicken ER. 21) Anti-human keratin mouse monoclonal antibodies Ab-1 (AE1/AE3) (Thermo Fisher Scientific), which is used in the detection of keratin-positive cells in chickens, were also applied to the sections. The antibody-treated sections were treated with 3,3 0 -diaminobenzidine tetrahydrochloride (Sigma Chemical, St. Louis, MO) for 10 min at room temperature. Then the sections were counterstained lightly with methyl green.
Preparation of thymus, BF, spleen and peripheral lymphocytes, collected from the spleen, and analysis of ER-mRNA expression by RT-PCR. The thymus, BF, and spleen were collected 2 d after hatching. The samples washed with phosphate-buffered saline (PBS; pH 7.4, 4 C). For peripheral lymphocyte collection, the spleens were cut into small sections with ophthalmologic scissors. This cell suspension was passed through a 25-gauge injection needle (Nipro, Osaka, Japan) and incubated for 5 min at 4 C to precipitate tissue fragments. Lymphocyte cells were separated by Ficoll-PaqueÔ Plus (GE Healthcare UK, Little Chalfont, UK). The procedure for the lymphocyte cell collection was based on the manufacturer's protocol. The thymus, BF, spleen and peripheral lymphocytes were treated with RNAiso Plus (Takara Bio, Ohtsu, Japan) for 1 mL (peripheral lymphocytes) and 2 mL (others). The procedure for RNA extraction was provided by the manufacturer. After digestion of genomic DNA with DNase, extracted total RNA was reverse-transcribed with a PrimeScript RT Reagent kit with the gDNA Eraser (Takara Bio), based on the manufacturer's protocol. The synthesized cDNA was used as the template for RT-PCR. Polymerase chain reaction (PCR) was performed in a 25-mL reaction volume containing 2 mL of cDNA, 12.5 mL of 2X PCR buffer for KOD FX, 5 mL of 2 mM dNTPs, 0.75 mL of 25 mM of each primer and KOD FX (Toyobo, Osaka, Japan) under the following conditions: 10 s of denaturation at 94 C, 30 s of annealing at 62 C, and 60 s of extension at 72 C for 40 cycles. In this study, two sets of amplification primers were used to the detect of ER and ER. One pair of primers was previously reported (ER-F and ER-R). Another pair of primers was newly designed based on information in the chicken genome database (ER-FN and ER-RN). To avoid amplification from the genomic DNA, an amplification region flanked by forward-and reverse-amplification primers was designed to traverse at least two exons. The sequences of the primers are listed below. In ER, forward primer was 5 0 -CGTGGAAAGCAACAAGACA-3 0 (ER-F) and reverse primer was 5 0 -AAGCCTCCCCGTTCCTGG-3 0 (ER-R). 6, 8) In -actin, forward primer was 5 0 -GATATGGAGAAGATCTGGCACC-3 0 and reverse primer was 5 0 -TGAAGGTCTCAAACATGATCTG-3 0 . 7) In the ER, new forward primer was 5 0 -GCTCAGCTCCTCCTTATCCTCTCT-CAC-3 0 (ER-FN) and new reverse primer was 5 0 -AATGAGAT-GAAGCTGGTGCGGTTGTC-3 0 (ER-RN). Gel electrophoresis of the PCR products was carried out in a 1.2% agarose gel (Rikaken, Nagoya, Japan), followed by staining with Gel Red Nucleic Acid Stain (Biotium, Hayward, CA).
Preparation of lymphocytes from the thymus and BF and analysis of ER localization by flow cytometry. The thymus and BF were collected and washed using phosphate-buffered saline (PBS; pH 7.4, 4 C). The thymus and BF were cut to a diameter of approximately 0.3 mm with ophthalmologic scissors. The cell suspension was passed through a 25-gauge injection needle (Nipro, Osaka, Japan) and incubated for 5 min at 4 C to precipitate tissue fragments. After the cells were washed 3 times with PBS by centrifugation (4 C, 700 Â g, 3 min), cell suspensions were prepared at a concentration of 1:0 Â 10 6 cells/mL. For membrane perforation, 100% acetone (4 C) was added to the cell suspension (final concentration, 70% acetone) and this was incubated at 4 C for several s. The suspension was washed 3 times with PBS by centrifugation (4 C, 700 Â g, 3 min). The perforated cell suspension and acetone-untreated intact cell suspension were incubated with ER Ab-10 for 30 min at 4 C. FITC-labeled anti-mouse IgG monoclonal antibody (Bekman Coulter, La Brea, CA), which is used as a secondary antibody in fluorescence staining, was incubated with the cell suspensions for 30 min at 4 C. The cell suspensions were analyzed by flow cytometry (FCM) (Epics XL, Coulter, CA).
Results

ER expression in the thymus
The thymus of chick embryos at the late stage of embryogenesis (19th day of incubation) is composed of the cortex, medulla, and stromal areas and can be observed by a microscope at low magnification (Fig. 1) . ER was observed in all the thymic component areas. Figure 2 shows the distribution of ER-and keratinpositive cells in the thymic cortex at high magnification. Intense ER staining was observed mainly in two types of cells: lymphocytes ( Fig. 2A-a, C-a) and large cells of an unspecified ( Fig. 2A-b, C-b) . The large cells showed a diffuse pattern of ER staining; in contrast, spot-like staining patterns were observed in the lymphocytes in limited areas of the cell surface ( Fig. 2A, C) . Based on the difference in staining features between the lymphocytes and the large cells, we concluded that the ERpositive component is different in these two types of cells, and we hypothesized that ER in the lymphocytes is expressed in the cytoplasm or the cell membrane. Microscopic observation of the same part in the cortex showed that keratin-positive cells were not stained by the anti-ER antibody, indicating that keratin-positive reticular epithelial cells were not detectable ER in the thymic cortex of the chick embryos in this study (Fig. 2B-c, D-c). A B (Fig. 3A-a, C-a) , large cells with an appearance similar to the appearance of the large cells in the cortex (Fig. 3A-c, D-c) , and Hassall's corpuscles (Fig. 3A-b, C-b) , showed positive results for ER in the thymic medulla. Large cells and Hassall's corpuscles were diffusely stained by the ER antibody, and lymphocytes showed the same staining pattern observed in the cortex. As in the cortex, the lymphocytes in the medulla were assumed to express ER in the cytoplasm or the cell membrane. Intense ER staining was observed in Hassall's corpuscles, as recognized by counterstaining (Fig. 3C ), but no ER expression detected in reticular epithelial cells. Immunostaining of the medulla indicated that reticular epithelial cells (Fig. 3B-e, F-e) and Hassall's corpuscles (Fig. 3A-b, C-b, E-d, B-d) showed positive results for keratin.
ER-positive cells in the thymic cortex and medulla
ER expression in the BF
The ER-positive cellular components in the BF were investigated in chick embryos at a late stage of embryogenesis (19th day of incubation). As shown in Fig. 4 , ERpositive cells were distributed in the lymphoid follicle area (L), the stromal area (S), the FAE, and the interfollicular epithelium (IFE). As shown in Fig. 5 , spot-like ER staining was observed in the lymphocytes of the lymphoid follicles (Fig. 5A-a, C-a) , similarly to the thymic lymphocytes. Intense ER staining was observed in the FAE (Fig. 5A-c , E-c) and IFE ( Fig. 5A-d, F-d) . In the FAE and IFE layers, ER showed a unique distribution pattern in which ER expression was present in a limited portion of these layers. The stromal region of the BF contained diffusely stained ER-positive cells (Fig. 5A-b D-b), but no ER expression was detected in the reticuloepithelial cells in the BF (Fig. 5A) . Keratin expression was observed in the reticulo-epithelial cells (Fig. 5B-e , G-e), the FAE layer (Fig. 5B-f , I-f), and the IFE layer ( Fig. 5B-h, J-h ). Staining was observed in a portion of the cell components in the stroma (Fig. 5B-g, H-g ), but keratin expression was low.
ER and ER mRNA expression in thymus, BF, spleen, and peripheral lymphocyte
We investigated ER-and ER-m RNA expression in the chick thymus, BF, spleen, and peripheral lymphocytes by RT-PCR analysis, and the results are shown in Fig. 6 . ER (ER-FN-ER-RN: 215 bp) and ER (ER-F-ER-R: 695 bp) mRNA was detected in the thymus, BF, spleen and peripheral lymphocytes by RT-PCR (Fig. 6) .
Localization of ER in the lymphocytes of the thymus and BF
Based on the observations that we made on the basis of staining of ER in the lymphocytes of the thymus and BF, we hypothesized that the ER was localized in the cell membrane; this has not been reported for other cells. To determine the localization of ER in thymic and bursal lymphocytes, lymphocytes showing positive results for ER, with and without perforation of the cell membrane, were analyzed by FCM. As shown in Fig. 7 , the perforated samples contained a number of ER-positive cells, but the intact cells did not react to the ER antibody. These results indicate that ER is not detectable in the cell membrane of lymphocytes of the thymus and BF in chick embryos at a late stage of embryogenesis.
Discussion
In this study, the distribution of ER in the thymus and BF during the late stage of embryogenesis was determined with respect to epithelial and non-epithelial cell components. In a previous study, Yonezawa et al. reported that ER expression was limited to Hassall's corpuscles in the chick embryonic thymus. 7) Results of our study indicate that ER is also expressed in lymphocytes other than Hassall's corpuscles in the thymus of chick embryos. In the BF of the chick embryos, ER was expressed in the lymphocytes, IFE, FAE, and stromal cell components. Shin et al. reported that the lymphoid follicle, the stromal area, and the surface epithelial areas expressed ER, but that the lymphocytes showed negative results for ER expression. 8) These discrepancies might be explained by differences in the methods used for tissue fixation. In previous studies, the formalin fixation method and paraffin-embedded sections were used; 7, 8) in contrast, in the study, frozen sections were used. A frozen section is preferable because the immunoreactivity of the antibody is maintained and there is less possibility of non-specific binding. Therefore, we believe that accurate information can be obtained by the more sensitive method used in this study than by the methods used in previous studies.
Estrogen has been reported to exert an effect on lymphocyte genesis. 2, 3) The results of present study suggest that in the case of the thymus, estrogen exerts an influence on lymphocyte genesis through a direct effect on lymphocytes and indirect effects on non-epithelial, non-specified cells and Hassall's corpuscles in the medulla. However, estrogen does not exert an influence on keratin-positive reticulo-epithelial cells, which have been related to lymphocyte genesis in the thymic lobules. 9) Our results also indicate that in the case of BF, estrogen does not act on keratin-positive reticuloepithelial cells in the lymphoid follicles, which have been related to lymphocyte proliferation and differentiation in the bursa. This suggests that there is no relationship between estrogen and reticulo-epithelial cells in the central lymphoid organs during lymphocyte genesis in chick embryos.
In a previous study, it was reported that ER mRNA was expressed in the chick embryonic thymus and BF was not expressed by ER on RT-PCR analysis. 7, 8) In present study, we also found that ER mRNA was expressed in the chick thymus and BF by RT-PCR analysis. In this study, ER expression was established by two methods, immunohistochemistry and RT-PCR analysis, in the chick thymus and the BF. Hence, we concluded that ER is expressed in the chick thymus and the BF at the tissue level, based on these data. Furthermore, we found that ER and ER mRNA is expressed in chick peripheral lymphocytes by RT-PCR analysis after cell separation. These results are in agreement with those of immunohistochemical analysis of the thymus and BF. We concluded that ER is expressed in chick lymphocytes at the cellular level.
Among the epithelial cell components of the thymus, only Hassall's corpuscles showed positive results for ER, indicating that they make a special contribution to estrogen function in the thymus. Although a detailed understanding of its function remains unclear, Hassall's corpuscle has been reported to regulate thymic cell differentiation and removal of apoptotic thymic cells, and to produce thymic stromal lymphopoietin (TSLP). 10, 11, 21) Estrogen might affect the functions mentioned above through the ER.
In BF, intense ER expression was observed at FAE and IFE. FAE and IFE showed a unique staining pattern for ER, suggesting that ER was localized at the cellular membrane or in the cytoplasm. The development of FAE begins with the entry of stromal cells into the epithelial cell layer at the 15th to 16th day of embryogenesis.
12) The fully developed FAE is composed of three components, macrophage-like cells (different in nature from normal macrophages), bursal-secretory dendritic cells, and epithelial cells. 22, 23) It is thought to play an important role in allowing the antigen to enter into the lymphoid follicle and excluding foreign substances from the lymphoid follicle, but the detailed of the function of FAE at the molecular level are largely unknown. 13, 14) However, it has been reported that the entry of foreign substances into the BF is necessary to the acquisition of antibody diversity. 24, 25) It is possible that the ER expression pattern of FAE in the BF suggests the mechanism of the effect of estrogen on the immunological phenotype of the chick.
Our FACS analysis revealed that the ER was expressed intracellularly, but was not expressed on the surfaces of the cell membranes of thymic and bursal lymphocytes in chick embryos. Recently, ER was reported to be present on the plasma membrane of various cell types of other systems, including the central nervous system and the blood vascular system. [18] [19] [20] In the case of immune cells, the intracellular calcium concentrations of T cells and macrophages increased rapidly after estradiol treatment, indicating that the presence of ER on the plasma membrane in these cells. [26] [27] [28] However, it has been reported that ER was not present on the plasma membrane in mouse Bcells. 29) Together, these observations suggest that the presence of plasma membrane ER depends on the type of cell. The results of the present study indicate that estrogen acts on lymphocytes in the thymus and bursa of chick embryos through the classical pathway of nuclear ER, and that estrogen in the chick does not work through the ER on the plasma membrane, as supposedly it dose in mammalian immune cells.
